Introduction
Recent studies of the 3D organization of the eukaryotic genome demonstrated that the spatial interactions between distant regulatory elements are important for the control of gene expression. [1] [2] [3] In particular, it has been shown that the juxtaposition of gene promoters and distant regulatory elements plays a pivotal role in the mediation of cell lineageand development stage-specific gene expression. [4] [5] [6] The most convincing observations demonstrating the importance of the spatial interactions of distal regulatory elements with the promoters of target genes were made in experiments aimed at elucidating the patterns of regulation of globin gene expression in vertebrates. 4, 5, [7] [8] [9] [10] [11] However, the mechanisms supporting the functionally dependent spatial organization of interphase chromosomes are poorly understood. It has been proposed that remote regulatory elements (enhancers) and promoters of target genes are assembled into a common activating complex (active chromatin hub, ACH) that is stabilized by DNA-protein and protein-protein interactions. 4, 5 However, it seems equally possible that the juxtaposition of remote enhances and promoters is mediated by the shaping of a chromatin domain, i.e., by the specific folding of a chromatin fiber, which can be influenced by a number of factors that govern the path of a chromatin fiber within the folded interphase chromosome. 12, 13 Recent studies have demonstrated that the 3D organization of the eukaryotic genome is closely linked to the spatial compartmentalization of the eukaryotic cell nucleus. [13] [14] [15] In this respect, transcription factories [16] [17] [18] are a good example because they may be considered as assemblies of genome regulatory elements (i.e., chromatin hubs) and as nuclear compartments where RNA polymerase II molecules and accessory proteins (transcription factors, chromatin remodeling complexes, etc.) are concentrated. 19, 20 It was proposed that the organization of the eukaryotic genome
We used the 4c-seq technique to characterize the genome-wide patterns of spatial contacts of several cpG islands located on chromosome 14 in cultured chicken lymphoid and erythroid cells. We observed a clear tendency for the spatial clustering of cpG islands present on the same and different chromosomes, regardless of the presence or absence of promoters within these cpG islands. accordingly, we observed preferential spatial contacts between sp1 binding motifs and other Gc-rich genomic elements, including the DNa sequence motifs capable of forming G-quadruplexes. however, an anchor placed in a gene/cpG island-poor area formed spatial contacts with other gene/cpG island-poor areas on chromosome 14 and other chromosomes. These results corroborate the two-compartment model of the spatial organization of interphase chromosomes and suggest that the clustering of cpG islands constitutes an important determinant of the 3D organization of the eukaryotic genome in the cell nucleus. Using the chIP-seq technique, we mapped the genome-wide cTcF deposition sites in the chicken lymphoid and erythroid cells that were used for the 4c analysis. We observed a good correlation between the density of cTcF deposition sites and the level of 4c signals for the anchors located in cpG islands but not for an anchor located in a gene desert. It is thus possible that cTcF contributes to the clustering of cpG islands observed in our experiments.
in transcription factories constitutes a major determinant of the large-scale spatial organization of interphase chromosomes. 21 The principles of gene organization in transcription factories have been extensively studied but remain unclear. It was reported that functionally related genes tend to be attracted to common transcription factories, 22, 23 consistent with the model of specialized transcription factories. 24 However, the data supporting this model are rather controversial. For example, it was demonstrated that the probability of finding more than two genes possessing the same tissue specificity in the same transcription factory was less than expected based on the random partitioning of the expressed genes among all transcription factories. 22, 23 Furthermore, there are well-documented examples of transcription factories that contain both tissue-specific and housekeeping genes. 8, 25, 26 Notably, even in differentiated cells, the average number of transcribed housekeeping genes significantly surpasses the number of transcribed tissue-specific genes. Thus, if the assembly of transcribed genes into transcription factories indeed directs the folding of the interphase genome, it is reasonable to assume that this folding is first directed by the assembly of the housekeeping genes into such factories. To identify and understand the principles underlying the assembly of the housekeeping and tissue-specific genes into transcription factories, we analyzed the pattern of long-range spatial interactions of the chicken housekeeping gene NPRL3, 27 which is located on chromosome 14 upstream of a cluster of α-globin genes. The NPRL3 gene resides within an extended region of genomic synteny and is highly conserved in vertebrates. 28, 29 The promoter of NPRL3 is associated with a CpG island (CGI), 30 which also harbors a replication origin. 31 In chicken erythroid cells, this CGI is recruited to the active chromatin hub that controls the expression of the α-globin genes. 7 Using the 4C technique 32 followed by deep sequencing analysis, we mapped the full spectrum of contacts of the DNA fragment harboring the NPRL3 promoter with other regions on chromosome 14 and with other chromosomes in lymphoid (DT40) and erythroid (HD3) chicken cells. The results suggest that the interaction of CGIs constitutes an important determinant of the 3D organization of interphase chromosomes. Correspondingly, the association of housekeeping genes is likely to constitute the basis for the formation of the majority of the transcription factories. This conclusion was further corroborated by analysis of the interaction profiles of several other CGIs scattered along the chicken chromosome 14. The distribution of the raw 4c signal in chromosome 14 obtained using the NPRL3 anchor in chicken hD3 and DT40 cells. The sequenced reads were aligned to the genome near hindIII sites. The distances along chromosome 14 are presented in Mb, according to the galGal4 assembly (Ucsc). The values on y-axis represent the number of 4c reads calculated as described in Material and Methods section. The position of the viewpoint is indicated by the anchor sign above the graphs and by the vertical white line. The dendrogram to the right of the graphs shows the similarity between the biological replicates and the differences between the hD3 and DT40 cells. (B) same as A, but P values are shown. The window with the most significant excess of signal over the background was chosen to determine the P value for each genomic position on chromosome 14 (see Materials and Methods). The y-axis shows the -log 10 of the most significant P value for the chosen window. (C) Domainogram plots 70 demonstrating the distribution of the NPRL3-4c signals along chromosome 14 in hD3 and DT40 cells. The intensity of the 4c signal (the fraction of restriction fragments with non-zero coverage) in small windows of variable size (3-200 hindIII restriction fragments) was compared with a large background window (300 hindIII restriction fragments). The color range represents the significances of the differences; the x-axis corresponds to the genomic coordinate and the y-axis shows the size of the small window (the higher the coordinate, the larger the window). (D) The distribution of the cTcF deposition sites along chicken chromosome 14. (E) The distribution of the annotated cGIs along chicken chromosome 14 (according to the galGal4 assembly).
Results

Experimental design
We applied the 4C-Seq technique to map the long-range interactions of a CGI harboring the promoter of the housekeeping gene NPRL3 on a genome-wide scale. The experiments were performed in parallel on cultured lymphoid (DT40) and erythroid (HD3) chicken cells. The transcription level of the NPRL3 gene is nearly the same in these two cell lines. 26 The HindIII restriction enzyme was used to prepare the initial 3C material, and DpnII was used to make the 4C libraries. Two independent 4C experiments were performed with each cell line. Comparison of the results demonstrated the good reproducibility of the 4C data (see below). The 4C libraries were analyzed using massive parallel sequencing (45-64 × 10 6 paired end reads, i.e., 22-32 million read pairs in each experiment). The sequencing data were mapped to the chicken genome (assembly galGal4). Only the reads containing HindIII-ligation junctions were taken into consideration. During the preparation of the initial 3C library, both ends of each HindIII restriction fragment may be ligated to the bait. We summarized the number of reads that independently mapped to the ends of each HindIII fragment and used the sum of these numbers as a parameter that reflected the overall probability of ligation of the corresponding HindIII fragment to the bait. Further analysis was performed as described. 33 The clusters of interacting fragments were identified using a sliding window approach 33 (window size = 3-200 HindIII restriction fragments) and by binning the genome into 100 Kb fragments (see Materials and Methods). Figure 1A and B show the distribution of the raw 4C signals on chromosome 14 (harboring the bait) and the P values calculated as described in Materials and Methods. The distribution of the P values is also presented as domainograms (Fig. 1C) . It is evident that the distributions of the 4C signals are quite similar in the two biological replicates and differ in the two cell lines studied (cluster dendrogram to the right of the graphs showing the distribution of the raw 4C signals in Fig. 1A) . Taking into account the similarity of the two biological replicates (the Pearson correlation coefficients of 0.878 for DT40 and 0.978 for HD3 cells), the reads obtained in the two parallel experiments were combined during further analysis.
Interaction of the bait with distant regions located on the same and other chromosomes
We sequenced approximately 15 × 10 6 HindIII-ligation junctions for each sample. Figure 2A shows the total numbers and percentages of reads that mapped to chromosome 14 (harboring the bait) and to other chromosomes. The results obtained in the 2 biological replicates were quite similar and are summarized in Figure 2A . Of note are the striking differences in the distribution of reads between chromosome 14 and the other chromosomes in the DT40 and HD3 cells. In the DT40 cells, only approximately 14% of all reads mapped to chromosome 14, whereas 86% of the reads were distributed without much preference over the other chromosomes. The average numbers of reads per Kb were similar for long and short chromosomes (Fig. 2B) . In contrast, in the HD3 cells, ~63% of all reads mapped to chromosome 14. Furthermore, the distribution of the other reads (~37% of all reads) across other chromosomes was strikingly non-random, with a clear preference for small chromosomes (Fig. 2B) . This result likely reflects the more compact organization of these chromosomes in the erythroid cells and the more pronounced segregation of the long and short chromosomes in the nuclear space.
Interaction between CGIs
We analyzed the possible correlation between the positions of interacting DNA fragments with different genomic features. Among the genomic features considered (GC content, CGIs, gene density, transcription factor binding sites), the most obvious correlation was observed between the 4C signal and the presence of CGIs (Fig. 3) . This correlation was especially evident when the interacting sites in all chromosomes or all chromosomes except the bait-containing chromosome 14 were analyzed ( Fig. 3A and B) . Although the correlation was also evident in the case of chromosome 14, the standard deviation of the correlation coefficient was more pronounced, possibly because of the relatively small number of bins (Fig. 3C) . Notably, the positive correlation between the 4C signal and the density of CGIs was observed in both DT40 and HD3 cells (Fig. 3) . Considering that the viewpoint contained a CGI, we concluded that there is a tendency for the clustering of CGIs present on the same and different chromosomes. Consistently, we observed a clear positive correlation between the intensity of the 4C signal and the presence of the GC-rich binding motifs for Sp1 that are frequently found in CGIs (Fig. 4A) . The same tendency was observed in both DT40 and HD3 cells (Fig. 4A) . Taking into account the fact that CTCF participates in establishing contacts between remote genomic elements, 34, 35 we have studied possible correlation between the intensity of the 4C signal and the presence of binding motifs for CTCF. Such a correlation was indeed observed (Fig. 4B) . It should be noted, however, that reported CTCF binding motifs differ slightly in cells of different origins. [36] [37] [38] Thus, we mapped the actual CTCF binding sites in both HD3 and DT40 cells. A low-resolution map of the CTCF binding sites in chromosome 14 is presented in Figure 1D . The results of the analysis (Fig. 4C ) demonstrated a good correlation between the positions of the experimentally determined CTCF binding sites and the 4C signal.
Surprisingly, in erythroid cells (HD3), there was a negative correlation of the 4C signal with the predicted binding sites for the erythroid-specific transcription factors (NF-E2 and GATA1).
In this respect, erythroid cells did not differ from lymphoid cells ( Fig. 4D and E) . We reasoned that the observed positive and negative correlations between the 4C signals and the densities of binding motifs for different transcription factors might simply reflect the differences in the GC contents of the transcription factor binding motifs. To test this hypothesis, we performed a permutation analysis of the transcription factor binding motifs. This analysis was performed only for HD3 cells because all the identified correlations were more pronounced in these cells (Figs. 3 and 4) . The results of the analysis were consistent with our hypothesis (Fig. 5, anchor NPRL3) . Indeed, the intensity of the 4C signal correlated well just with the GC content. However, the correlation of the 4C signal with the content of CGI appeared to be more pronounced. Besides, the observed anticorrelation of the 4C signal with the density of the NF-E2 and GATA1 motifs was diminished upon motif shuffling. Of potential interest is the positive correlation of the 4C signal with the G-quadruplex motif density (Figs. 4F and 5 ). G-quadruplexes were reported to be important elements of eukaryotic DNA replication origins. 39, 40 Figure 3. scatterplots and box-plots showing the relationship between the NPRL3-4c signal (y-axis) in hD3 and DT40 cells and the density of cGIs (x-axis). The points represent non-overlapping 100 Kb genomic bins (see Materials and Methods). The region surrounding the anchor (NPRL3 anchorchr14: 11500000-12800000) was not taken into account. The linear regression lines and the confidence intervals for the prediction are shown. The points at which the 4c signal was higher than 2000 reads per bin for all chromosomes and higher than 10 000 reads per bin for chromosome 14 were discarded. The box-plots contain the points split into 5 groups of equal size according to their x-value. The spatial clustering of CGIs may thus be necessary for both transcription and DNA replication.
Spatial segregation of the active and inactive genomic compartments
To verify the importance of the observations made using the bait fixed on the NPRL3 promoter, an additional 4C experiment with several baits was performed using HD3 cells. In this experiment, the anchors were placed on different CGIs on chromosome 14 that demonstrated a strong interaction with the NPRL3 anchor (Fig. 6, anchors TSR3 , TRAP1, PPL). The fourth anchor (anchor GENE-Des) was placed in a gene-poor area that did not interact with the NPRL3 promoter (Fig. 6) . The fifth anchor was again placed on the NPRL3 promoter to relate the new set of data with the one described above (Fig. 6, anchor  NPRL3 ). Two independent biological replicates were analyzed, and for each replicate ~10 million interacting fragments were sequenced and uniquely assigned to one of the anchors. The similarity between the biological replicates was very high (Pearson's correlation coefficients of 0.97 or more for the anchors TSR3, GENE-Des, NPRL3, and PPL and 0.64 for the anchor TRAP1). Nevertheless, taking into account the latter value, we analyzed the two sets of data separately. Unless specifically indicated, the data from experiment 1 (deposited in GEO database under accession number GSM1255519) were analyzed. The profiles of the 4C signals in chromosome 14 for each of the four selected anchors are presented in Figure 6 . The anchors TSR3, TRAP1, and PPL yielded 4C patterns relatively similar to these observed with the anchor NPRL3. The anchor located in a gene desert (GENE-Des) also showed some long-distance interactions along chromosome 14. However, the profile of these interactions differed significantly from those observed with the other anchors (Fig. 6) . The Pearson's correlation coefficients for the profiles of the 4C signal observed on chromosome 14 using the NPRL3 anchor (in two biological replicates) and the TSR3, TRAP1 and PPL anchors (in two biological replicates) were ≥0.288. In contrast, the profiles of the 4C signals observed with the GENE-Des anchor showed no similarity with the profiles observed with the NPRL3 anchor (the Pearson correlation coefficients < 0) ( Table 1) .
Similar to the NPRL3 anchor, the TSR3, TRAP1 and PPL anchors demonstrated preferential long-distance interactions with CGIs, Sp1 binding motifs and CTCF binding sites but not with NF-E2 and GATA1 binding motifs (Figs. S1, S3, and S4) . Notably, no such correlations were observed with the GENE-Des anchor ( Fig. 5; Fig. S2) .
Distribution of the 4C signal in the vicinity of promoters and CGIs
CGIs frequently harbor active promoters. It might happen that the clustering of CGIs observed in the above analysis was entirely due to the presence of these active promoters. Alternatively, the clustering of CGIs can occur regardless of the presence of active promoters. In an attempt to clarify the situation, we analyzed the distribution of the 4C signal around CGIs and promoters, using the data obtained with NPRL3 anchor fragment in HD3 cells. We first plotted 4C profiles around each CGI found in the chicken genome, superposed and averaged them. The obtained 4C curve had a clear peak on a CGI (Fig. 7A) , in agreement with the correlation analysis. On the contrary, the regions between CGIs demonstrated a decline in the 4C curve (Fig. 7B) . We next performed similar analysis on the transcription start sites (TSSs) and observed a peak slightly upstream of a TSS (i.e., on presumed promoters), although in this case the absolute level of the 4C signal was lower (Fig. 7C) . To interpret these data it is necessary to keep in mind that many promoters co-localize with CGIs. It is true for the NPRL3 gene promoter used as an anchor in this analysis, and we found that of 16950 TSSs identified in the chicken genome, 5650 were located within CGIs (Fig. 7E) , and 4911 of 19309 CGIs present in chicken genome, harbored a TSS (Fig. 7F) . In order to find out whether a CGI by itself or a promoter nested within a CGI contributes more to the observed clustering of CGIs, we separately analyzed promoters associated with CGIs and promoters lacking such association. All TSSs were subdivided into 5 groups according to the distance to the nearest CGI that could be found upstream or downstream of the TSS. Then averaged 4C profiles were plotted separately for each of these groups. As seen in Figure 7G , TSSs co-localizing or neighboring CGIs demonstrated higher frequency of interaction with the anchor restriction fragment. Furthermore, the 4C signal curves showed a peak at presumed promoters (up to 5 Kb upstream of a TSS) (Fig. 7G, red, yellow, and green curves) . TSSs located away from CGIs showed lower interaction frequency, with no peak on presumed promoters (Fig. 7G, blue and violet  curves) . We analyzed in a similar way the CGIs that were grouped according to the distance to the nearest promoter. In this case, the dependence of 4C signal on CGI-promoter distance was not pronounced. CGIs harboring promoters and CGIs located at a distance of 1.5-10 Kb from promoters demonstrated comparable levels of the 4C signal with a peak on a CGI (Fig. 7H, red, yellow  and green curves) . Remarkably, even remote CGIs (>25 Kb from the nearest promoter) demonstrated a peak on the 4C curve (Fig. 7H, violet curve) . Taken together, these data suggest that the clustering of CGIs in the nuclear space is not directly related to the presence of active promoters within CGIs. Promoterless CGIs participate in the clustering as well as CGIs harboring promoters.
As was mentioned above, the clustering of CGIs may be at least in part mediated by interaction of bound CTCF molecules. Indeed, analysis of the distribution of the 4C signals revealed some increase in the vicinity of CTCF deposition sites (Fig. 7D) .
The observations made with NPRL3 anchor in HD3 cells were reproduced upon similar analysis of the 4C data obtained with TSR3, TRAP1 and PPL anchors in HD3 cells (data not shown). However, the opposite trends were identified in the analysis of the 4C data obtained with the GENE-Des anchor (Fig. 8) . In this case, CGIs and promoters demonstrated a decline in the 4C curve ( Fig. 8A and C) , while the regions between CGIs were characterized by an elevated 4C signal (Fig. 8B) .
Discussion
The spatial organization of the eukaryotic genome appears to play an important role in the regulation of gene expression. 1, 5 Based on the analysis of Hi-C data, Dekker and collaborators proposed that the open and closed chromatin domains are spatially segregated to form 2 different compartments. 41, 42 These authors also noted that the gene-rich small chromosomes tend to be located closer to each other in the nuclear space. The segregation of gene-poor long and gene-rich short chromosomes was observed previously in chicken cells where all the generich micro-chromosomes are concentrated close to the center of the nucleus. 43 Therefore, it is not surprising that our analysis detected the preferential interaction of chicken chromosome 14 with other short chromosomes, at least in erythroid cells. Our results support the hypothesis that active genomic regions form a distinct spatial compartment. Indeed, the anchors placed on CGIs were found to be involved in spatial interactions with CGIrich regions in the same and other chromosomes. Conversely, the anchor placed in a gene/CGI-poor area did not show a preferential spatial interaction with CGI-rich areas. A model for chromosome folding that allows the preferential interaction of all gene-rich areas is not immediately apparent. However, it is noteworthy that the 4C and other C-methods only allow for the determination of the average pattern of interactions in a cell population. This pattern is likely to represent the superimposition of a number of alternative configurations existing in individual cells. 44, 45 Our data strongly suggest that the spatial association (clustering) of CGIs may constitute a driving force for the spatial segregation of active genomic regions. The biological significance of the CGIs spatial clustering and the mechanisms supporting this clustering are far from evident. In recent years, the association of transcribed genes into transcription factories has gained much attention. [19] [20] [21] 46 Notably, the housekeeping genes constitute the majority of expressed genes, even in specialized cells, and the promoters of most housekeeping genes are located in CGIs. 47 Assuming that there is not much specificity in the assembly of genes into transcription factories, each transcription factory might be expected to contain one or several housekeeping genes. Still, detailed analysis of the distribution of the 4C signal around promoters associated and non-associated with CGIs and CGIs that do not harbor promoters suggests that CGIs participate in the clustering regardless of the presence of a promoter (Fig. 7) .
In erythroid cells, the erythroid-specific genes demonstrate a tendency to share transcription factories. 22, 23 However, the probability of the association of more than 2 erythroid-specific genes in the same transcription factory was lesser than the expected probability based on the random distribution of genes among all transcription factories. Considering that an average transcription factory contains 8 elongating RNA polymerase II molecules 48 (up to 30 molecules, according to other estimates 49, 50 ) , it is likely that in erythroid cells, the transcribed housekeeping genes constitute the cores of all transcription factories. Our experimental system can be used to estimate the relative contribution of the association between the housekeeping and tissue-specific genes to the 3D genome architecture. The viewpoint selected for the initial 4C analysis was fixed in the CGI located just upstream (~5 Kb) of the cluster of α-globin genes that are not active in lymphoid cells. Correspondingly, the associations between the erythroid-specific genes are not likely to contribute to the spectrum of 4C signals observed in these cells. Conversely, such a contribution can be expected in the erythroid (HD3) cells. Nevertheless, in both the lymphoid and erythroid cells, we were only able to detect the correlation of the 4C signals with CGIs and the binding motifs for the ubiquitous transcription factor Sp1 but not with the predicted binding sites for erythroidspecific transcription factors. Therefore, it is likely that in erythroid cells, the contribution of the associations between CGIs to the 3D genome architecture is more important than the contribution of the associations between erythroid-specific genes. This conclusion is corroborated by the observation that in mouse and chicken erythroid cells, the α-globin genes were recruited to transcription factories mediating the transcription of housekeeping genes. 8, 51 When considering the possible biological significance of the CGIs clustering, it is noteworthy that CGIs frequently contain origins of DNA replication. 52 Furthermore, it appears that the most effective replication origins are located within CGIs that harbor the promoters of active genes. 53 Replication origins and their bound protein complexes are assembled in nuclear foci, 54 which are likely converted into replication factories 55, 56 upon origin firing. This suggests that the clustering of CGIs may be essential for the spatial organization of replication units; this hypothesis deserves further study. Nevertheless, our results provide indirect evidence for a possible link between the clustering of CGIs and the spatial organization of replication units. We found that the NPRL3 anchor located within a CGI harboring a replication origin 31 established long-distance interactions with regions containing G-quadruplex motifs, which are frequently present within CGIs and appear to be important elements of DNA replication origins in higher eukaryotes. 39 The other anchors located in CGIs also demonstrated preferential interactions with G-quadruplex motifs. Therefore, it is possible that the CGIs clustering reflects the organization of replication origins into replication factories.
The hypotheses that the CGIs clustering is essential for the spatial organization of replication origins and that this clustering reflects the association of housekeeping genes into transcription factories are not mutually exclusive. In both cases, the clustering of CGIs may be supported by depletion-attraction, as discussed previously. [57] [58] [59] It is also possible that other additional interactions stabilize the associations of CGIs. Sp1 was reported to participate in the mediation of long-range interactions of remote genomic elements, 60 and we observed a good correlation between the 4C signals and the presence of Sp1 binding sites. The CGIs frequently contain CTCF binding sites, and the role of CTCF in supporting the 3D genome architecture is well established. 35, [61] [62] [63] [64] [65] [66] Consistently, we observed a good genome-wide correlation between the 4C signals and the CTCF binding sites that were mapped using the ChIP-Seq procedure. This correlation was most evident at low scale resolution suggesting that the presence of CTCF binding sites within the transcriptionally active part of the genome may contribute to the spatial separation of this part of the genome. In mammals, the transcriptionally active part of the genome is enriched in SINE-type repeats. Some of these repeats have been reported to contain CTCF binding sites. 67 Unfortunately, it is not clear whether repetitive elements present in the chicken genome are rich in CTCF binding sites.
Materials and Methods
The 4C-Seq and ChIP-Seq data were deposited in GEO (GSE51939).
Accession numbers for 4C-Seq data: "bait" NPRL3 in HD3 cells (replicate 1 GSM1255515; replicate 2 GSM1255516); "bait" NPRL3 in DT40 cells (replicate 1 GSM1255517; replicate 2 GSM1255518); "bait" TSR3, GENE-Des, TRAP1, PPL in HD3 cells (replicate 1 GSM1255519; replicate 2 GSM1255520).
Accession numbers for CTCF ChIP-Seq data: HD3 input control GSM1253764; CTCF HD3 non-induced cells GSM1253765; CTCF HD3 induced cells GSM1253766; CTCF DT40 cells GSM1253767.
Cell culture
The avian erythroblastosis virus-transformed chicken erythroblast cell line HD3 (clone A6 of the line LSCC 68, 69 ) and the DT40 lymphoid cell line (CRL-2111, ATCC) were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 2% chicken serum and 8% fetal bovine serum at 37 °C with 5% CO 2 . For DT40 cells, the medium also contained 50 μM β-mercaptoethanol.
4C-Seq analysis
The 4C procedure was performed as previously described 70 with minor modifications. Briefly, 10 7 cells were fixed with 2% formaldehyde in DMEM medium supplemented with 10% fetal bovine serum (FBS) for 10 min at room temperature, and the reaction was stopped by the addition of glycine to a final concentration of 0.125 M. After washing with PBS/10% FBS, the fixed cells were incubated for 10 min in an ice-cold lysis solution (10 mM Tris pH 8.0, 10 mM NaCl, 0.2% Nonidet P40, and a protease inhibitor cocktail [Thermo Scientific]) at a concentration of 2 × 10 7 cells/ml to release the nuclei. The nuclei were harvested and suspended in 0.5 ml of 1.2× restriction buffer 2 (New England Biolabs). SDS was added to a final concentration of 0.3%, and the solution was incubated on a shaker for 1 h at 37 °C. Triton X-100 was added to a final concentration of 1.8%, and the solution was incubated for 1 h at 37 °C to sequester the SDS. The DNA was digested by overnight incubation with 800 units of HindIII (New England Biolabs) at 37 °C on a shaker. The restriction endonuclease was inactivated by the addition of SDS to a final concentration of 1.6% and incubation for 20 min at 65 °C. The solution was diluted by adding 7 ml of 1 × ligation buffer (Thermo Scientific). Triton X-100 was added to a final concentration of 1%, and the solution was incubated at 37 °C for 1 h on a shaker. Next, 100 units of T4 DNA Ligase (Thermo Scientific) was added, and the DNA was ligated for 4.5 h at 16 °C and subsequently for 30 min at room temperature with slow agitation. The cross-links were reversed by incubation at 65 °C for 16 h in the presence of Proteinase K (40 μg/ml). After cross-link reversion, RNase A was added to a final concentration of 40 μg/ ml, and the RNA was digested for 45 min at 37 °C. The DNA was purified by extraction with phenol followed by precipitation with ethanol. To further purify the DNA, the samples were processed with the QIAEX II Gel Extraction Kit (Qiagen). The concentration of DNA was determined using a fluorometric assay (Qubit, Invitrogen).
Fifty micrograms (100 ng/µl) of a ligated 3C DNA template was digested overnight with 200 units of DpnII (New England Biolabs). The restriction endonuclease was inactivated by incubation for 20 min at 65 °C, and the DNA was purified by phenol-chloroform extraction and ethanol precipitation. Next, the DNA was ligated using 100 units of T4 DNA Ligase (Thermo Scientific) in 14 ml of 1× ligation buffer (Thermo Scientific) for 4 h at 16 °C. The ligation products were precipitated with ethanol and further purified using the QIAquick PCR purification kit (Qiagen). To linearize the circular molecules of interest, the DNA was treated with a specific tertiary restriction enzyme: EcoNI for the TSR3 bait, NcoI for the GENE-Des, TRAP1 and PPL baits, and EcoRV for the NPRL3 bait. The digested products were purified using the QIAquick PCR purification kit (Qiagen).
The PCR reactions were performed using the Expand Long Template PCR system (Roche). Each 50 µl PCR reaction contained 120 ng of the DNA template, 1 × PCR buffer 1, 0.3 µM of each of the primers, 0.35 mM of each dNTP, and 3.75 units of the Expand Long enzyme mix (Roche). The sequences of the HindIII / DpnII 4C primers are as follows (5′-3′): TSR3 bait CACTCATCTC CCCGTACTTT G / AAGTTTCTTT TAATTTGGAG ACTTTC, GENE-Des bait AATTTGTGAA GCAGTTGTAT GTAGTC / TCTTCTCCAC ATAATCCCAC ACT, NPRL3 bait GCCAGGATAT AGATTCTGCT TT / CCTCTGACAT AATTGCCGAT AG, TRAP1 bait CCAGAGATTC TCAAATCACA GCA / CTATGGGGAC AAGTGAGGAA CAG, and PPL bait AAAGCATCTC CTCTCCCTGA AG / GTCTCCCACA GTCACTCCTC CT. The PCR amplification was performed in the linear range as follows: an initial denaturation for 2 min at 94 °C, 30 cycles of 15 s at 94 °C, 1 min at 57 °C, and 3 min at 68 °C, and a final elongation for 4 min at 68 °C. The PCR products were purified and concentrated using the QIAquick PCR purification kit (Qiagen). In a multibait experiment, 4C libraries obtained with different pairs of primers were mixed in equal weights and further processed as one sample. After separation of the fragments by size on 1.5% agarose gels, two zones were excised: 70-400 bp (S) and 400-1500 bp (L). Following extraction with the QIAquick gel extraction kit (Qiagen), the fragments of the L fraction were sonicated to reduce the fragment size to 100-500 nucleotides using a Covaris S220 instrument with the following parameters: time 300 s, duty cycle 10%, and peak power 23 W. Next, the S and L fractions were processed using the TruSeq DNA sample prep kit v.2 (Illumina), and post-PCR size selection was performed using agarose gels (fragments with length 200-600 nucleotides were selected). After purification, the library concentrations were measured using the Qubit fluorometer (Invitrogen), and real-time PCR was performed using primers complementary to the distal regions of the Illumina adapters (I-qPCR-1.1: AATGATACGG CGACCACCGA GAT and I-qPCR-2.1: CAAGCAGAAG ACGGCATACG A). Next, the libraries from the S and L fractions were combined in equal amounts, diluted to 2 nM, denatured using 0.1 M NaOH and subsequently diluted to a final concentration of 10 pM using HT1 buffer (Illumina). The cluster generation was performed using the cBot instrument and the TruSeq PE Cluster Kit v3 reagents. The sequencing was performed on a HiSeq2000 instrument using the TruSeq SBS Kit v3 reagents (Illumina), with read lengths of 101 nucleotides from each end.
Analysis of the 4C data
The paired-end Illumina sequencing reads were preprocessed by trimming the subsequence originating from the bait region. From each pair of forward and reverse reads, only the read containing the HindIII ligation site was chosen, while its pair was discarded. The bait-originating subsequence of the read located before the HindIII site was used to classify the reads by the 4C anchor. A list of the reference bait-originated subsequences is presented in Table S1 . Those bait-originating fragments were trimmed to take into analysis the sequences located after the HindIII site because they presumably originated from the DNA regions interacting with the anchor. The preprocessed reads were mapped to the reference genome galGal4 using the bowtie aligner. 71 The reference genome (galGal4) was digested in silico with HindIII, and the regions between the restriction sites were chosen for further analysis.
Proper 4C reads should map either upstream or downstream of the HindIII sites, and one end of each read should precisely coincide with the restriction site. For every restriction fragment, the number of reads that mapped to its left or right end was added; the resulting value was considered the raw 4C signal for that restriction fragment. It should be noted that because the ligation events could occur only at the ends of restriction fragments, no linear dependence was assumed between the number of reads per fragment and the fragment length. To smooth the signal, the genome was binned into 100 Kb fragments. The average coverage by the 4C signal was calculated for every fragment.
To identify the bait-interacting domains on different scales, we used the domainogram approach. 70 The fraction of the restriction fragments with non-zero coverage was assumed to represent the overall 4C signal intensity in a genomic window. The fraction of the restriction fragments with non-zero coverage was compared between small windows of variable size HindIII restriction fragments) and a large background window (300 HindIII restriction fragments). These comparisons yielded Fisher test P values. The domainograms (Fig. 1C) were plotted to represent those P values: the pixel color represents the P value, the pixel x-coordinate represents the genomic coordinate, and the pixel y-coordinate shows the size of the small window (the higher the value, the larger the window size). We next reduced the domainograms to a plot in which the x-axis represented the genomic coordinate and the y-axis represented the -log 10 of the most significant P value among all the small windows of different sizes centered on a given genomic coordinate (Fig. 1B) .
Next, we explored the correlations between the 4C signal and the density of various genomic features. The genomic locations of the CGIs were obtained from the cpgIslandEx table for the galGal4 genome from the UCSC genome browser. 72 Putative transcription factor binding sites were identified by matching a position weight matrix (PWM) for the factor of interest to the galGal4 genome (R packages Biostrings and BSgenome). The PWMs were downloaded using the MotifDb R package. To account for the nucleotide content of a TF binding motif, the order of positions in the PWMs was shuffled, which generated control motifs with different sequences but similar nucleotide compositions. The 4C signals were correlated with the numbers of occurrences of the genomic features in 100 Kb bins; the region surrounding the anchor (NPRL3 anchorchr14: 11500000-12800000) was not taken into account. The correlations were separately calculated for the whole genome, for the bait-containing chr14 and for other chromosomes. The corresponding scatter plots were plotted with an overlaid linear regression line. The putative G-quadruplex sequences following the pattern d(G 3+ N 1-7 G 3+ N 1-7 G 3+ N 1-7 G 3+ ) in the galGal4 genome were identified using the quadparser software. 73 To measure average 4C signal in the vicinity of various genomic features (e.g., CGIs, CTCF binding sites, TSS), the following procedure was applied. 40 consecutive bins of equal length (1Kb) surrounding every occurrence of a genomic feature were taken, 20 upstream and 20 downstream. 4C signal coverage was measured in each bin and then averaged over all bins positioned in the same way relative to a genomic feature, yielding the averaged 4C profile around genomic features. To estimate the variance of the averages, a bootstrapping procedure was applied 10 times. Every time, a set of features with the same size as the original set was generated by choosing random elements from the original set (thus, an element could be chosen more than once or never), then for each bootstrapped feature set an averaged signal profile was calculated. To plot averaged 4C signal profiles between CGIs, regions between consecutive CGIs were split into 40 consecutive bins of equal length (thus, bins for different loci could differ in length), then the same procedure was applied.
Mapping the CTCF deposition sites by ChIP-Seq Chromatin immunoprecipitation was performed as described previously, 74 but with modifications according to the Life Technologies protocol (http://tools.lifetechnologies. com/content/sfs/manuals/DynabeadsProteinG_man.pdf ). Approximately 1 × 10 8 logarithmically growing cells were fixed with 1% v/v formaldehyde in DMEM/F-12 (1:1) medium (Invitrogen, 42400-010) at room temperature for 8 min. The fixed cells were pelleted at 700 g for 4 min at 4 °C, washed with PBS containing 1 mM AEBSF and 2 μl/ml of a protease inhibitor cocktail (Sigma, P8340), pelleted again, and re-suspended in 500 μl of lysis buffer (50 mM TRIS-HCl pH 8.0, 1% SDS, 10 mM EDTA). The lysate was incubated for 10 min on ice and sonicated with a Cole-Parmer CP750 ultrasonic processor (30% amplitude, 40 cycles for 3 s each with 10 s intervals). The cell debris was removed using a microcentrifuge (10 min, 13 000 rpm, 4 °C), and the supernatant was diluted 10-fold with 16.7 mM TRISHCl, pH 8.0, 16.7 mM NaCl, 1.2 mM EDTA, 1% Triton X-100, 0.01% SDS, 1 mM AEBSF, and 1 μl/ml of the protease inhibitor cocktail. Aliquots were taken at this stage for subsequent use as the input control. The cell lysates were pre-cleared by incubation with Dynabeads Protein G magnetic beads (Life Technologies) and then incubated with 30 μg of anti-CTCF antibodies overnight at 4 °C with rotation. The rabbit custom anti-CTCF antibodies were prepared against the N-terminal region of the chicken CTCF protein comprising amino acids 86-233. The specificity of these antibodies was confirmed by western blot analysis. 75 After incubation with antibodies, the DNA-protein complexes were collected with the Dynabeads Protein G magnetic beads, washed according to the manufacturer's recommendations (Life Technologies), and eluted by two incubations for 15 min in elution buffer (1% SDS, 0.1 M NaHCO 3 ) at room temperature. The DNA samples were purified using the QIAquick Gel Extraction Kit according to the manufacturer's recommendations (Qiagen). The immunoprecipitated and input DNA probes (10 ng each) were sequenced at Evrogen (http://www.evrogen.ru) using an Illumina HiSeq platform, and 41-50 million reads were sequenced per sample. The reads were mapped to the galGal4 genome using the Bowtie2 software. 76 ChIP peak calling was performed as described 77 with a P value threshold parameter of 10 -5 . To verify the validity of the CTCF deposition sites mapped, we have inspected the upstream area of the c-myc gene in HD3 cells and found a strong peak in the same place where the CTCF binding/deposition sites were originally mapped by Lobanenkov et al. 78, 79 (Fig. S5) .
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